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ABSTRACT 


Variational expressions of the admittance of the uniformly fed 
rectangular aperture covered with homogeneous material are derived. 

The electric field inside the waveguide is assumed to he a dominant 
mode (TEqi) plus the first higher order symmetrical mode (TEq^). For 
the aperture sizes of the pyramidal and H -plane horns, the contribu- 
tion of the TEq^ mcde to the aperture admittance is shown to be 
negligible. 

The admittance of a uniformly fed aperture is assumed to approxi- 
mate the mouth admittances of the pyramidal and H-plane horns. Calcu- 
lations of the admittance (or reflection coefficients) were obtained 
for the rectangular mouth sizes of pyramidal and H-plane horns under 
free-space conditions and with slabs of Plexiglas and quartz covers. 
Measurements were obtained for a number of slab thicknesses of Plexiglas 
and quartz. 

Good agreement in terms of reflection coefficients was obtained 
between the measured and calculated data for the pyramidal horn. The 
agreement between measured and calculated reflection coefficients for 
the H-plane horns was not as good as the agreement obtained for the 
pyramidal horn. The smaller flare angle (9°) horn data, however, is 
shown to agree better with the calculations than the larger flare angle 
(l8°) horn data, particularly in magnitudes. This agrees with the fact 
that in theory as the flare angles approach zero with fixed mouth size 
the H-plane sectoral horn would approach a uniform waveguide of mouth 
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size cross section; and hence, the aperture admittance would be 
determined by the expressions derived for the uniformly fed aperture 
assumption. 

The results indicate that the expressions for the admittance of a 
uniformly fed rectangular aperture can be used to approximate the mouth 
admittances of the pyramidal and H -plane horn. The accuracy of this 
approximation is similar to that obtained with rectangular waveguides 
opening onto small ground plane covered with slabs of material. 

As the larger dimension in the expression for the admittance of 
a uniformly fed rectangular aperture approaches infinity, the aperture 
admittance is shown to approach the admittance of a parallel-plate 
waveguide covered with a slab of homogeneous material. 
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CHAPTER I 


INTRODUCTION 

The electromagnetic horn i3 used quite extensively in spacecraft 
applications for pattern considerations and plasma diagnostics. Often 
horn antennas are mounted on the metallic body of a spacecraft in such 
a manner that the horn mouth is flush with the body. Generally, the 
spacecraft is covered with thick layers of dielectric ablative material 
for protecting the internal instrumental i~>n from the intense neat during 
reentry into the earth's atmosphere at hypersonic velocities. This 
excessive heat will cause the properties of the dielectric material to 
change and, therefore, cause the admittance characteristics of the horn 
antenna tc change. 

The mouth admittance of horns have not been successfully treated 
theoretically. Experimentally, the mouth admittance for horns are 
determined from measurements in the feeding uniform waveguide Ql,^J. 
Equations describing the wave admittance in the sectoral horn are given 
by Silver £lj and Wolff [ 2*). These equations can be used to determine 
the reflection coefficient at any point in the sectoral horn if the 
admittance is known at that point. 

The purpose of this paper is to determine an approximate expression 
for the mouth admittance of the H-plane sectoral horn and the pyramidal 
horn covered with slabs of homogeneous material. The mouth admittances 
of these horns are assumed to be approximated by the admittance of a 
uniformly fed rectangular aperture. 
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Variational expressions for the admittance of a uniformly fed 
rectangular aperture covered with slabs of homogeneous material have 
been derived In papers by Galejs {^ 6 -fiTj, a trial field in the 

aperture was assumed to be a superposition of a sine wave and a shifted 
cosine wave. Tills solution is also variational, but the infinite 
ground-plane structure was approximated by a large waveguide. Many 
authors assumed only the TE 0 i mode as a trial field at the aperture 
which is terminated in a flat Infinite ground plane. The possibilities 
of contributions to the aperture admittance caused by a higher order 
odd symmetrical mods (TEq^) have also been investigated £9,10] • If the 
admittance of a uniformly fed aperture can be assumed to approximate the 
mouth admittance of a horn, a technique by which the properties of ’.e 
dielectric material covering these horns can be determined. Hence, 
these horns can be used as a diagnostic tool for making parametric 
studies. 

ft. complete derivation of the admittance of a uniformly fed 
rectangular aperture, terminated in a flat ground plane coated with a 
homogeneous dielectric material, is presented. In addition to the TEqi 
mode, a higher order symmetric mode (TE 0 j) is assumed in the aperture. 

The contribution to the admittance caused by this higher order mode is 
shown to be negligible for the apertures considered. Therefore, the 
variational solution obtained by assuming the TEq^ mode only is used 
for the mouth admittance of the sectoral horn and pyramidal horn. 

The mouth admittance of two H-plane sectored horns and one pyramidal 
horn are investigated with and without a low-loss dielectric covering 
a ground plwie. Two H-plane sectoral horns with different flare angles 



(9° and l8°) and fixed mouth size ( 1.016 x 6.248 cm) were chosen to 
demonstrate how well the theoretical computations can better approxi- 
mate the measured admittance values (or reflection coefficients) by 
decreasing the flare angle. 

The theory for the admittance of a uniformly fed rectangular aper- 
ture is given first. The pyramidal horn and the H-plane sectoral horns 
are discussed separately. In the Appendix, the admittance of the 
rectangular aperture is shown to approach the admittance of a parallel 
plate waveguide as the large dimension of the rectangular aperture 


becomes infinite. 



CHAPTER II 


THEORY 

Since the mouth admittance of a sectoral horn is assumed to be 
approximated by the admittance of a uniformly fed rectangular aperture, 
the derivation of the latter admittance is given here for completeness 

0G- 

The geometry of the problem which is divided into three regions 
is shown in figure 1. A rectangular waveguide is terminated in a flat 
ground plane of infinite extent in both the x- and y-direction. A slab 
of homogeneous dielectric material of thickness d is assumed to cover 
the ground plane as well as the open-end waveguide. 

In region I, which is the region inside the waveguide, a TEq^ 
mode is assumed to be incident upon the aperture from the left. The 
discontinuity at z = 0 excites both propagating and nonpropagating 
reflected modes. However, since the TEqi mode is assumed to be 
incident upon the aperture, only a reflected TEq^ propagating mode 
is excited. Higher order nonprppagating modes (evanescent modes) are 
excited, but because of the symmetry, only odd modes exist. For this 
problem, only the TEq^ evanescent mode is assumed to be present. 

Other higher order terms could be obtained by applying the same pro- 
cedure. From the foregoing assumptions and with e 4 ^ time dependence 
assumed, the fields in region I (waveguide) cure written 


k 
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Ey I (y^z) = 0 
H x I (y>z) = o 


>< 1 ) 




re J k z,01 z 



Yq^R cos 


3ity ^^,03^1 


where 



The fields in the dielectric slab (region II) are expressed in 
terms of the electric and magnetic vector potential. A* and A, 
respectively; that is, v-T x A* and B = | x A. From Maxwell’s 
equations, the total transverse field components are determined from 
the superposition of TE and TM modes to the z-axis. These trans- 
verse fields are given as 
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K (x,y,z) 






(x,y,z) 


H x II (x > y,z) 

H y II (x,y,z^ 


> A *II ^2 . II 

1 Sa z 1 o A z 

■“» + '' I, liaM-M* 


C 1 dx 

_ + - 

M> € 1 

dydz 

1 

a 2 ^ 11 

+ ± 

3a 2 h 

joHi 0 e i 

cixdz 
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- J_ 

^z 11 

ju>HO € l 

dydz 

" ^0 

dx 


J 

> 




The potentials A* 11 and A 2 ^ must also satisfy the scalar wave 
equations 





^ + aj2 ^ € l A z 11 =* 0 


II 


Partial solutions 


to the wave equation are expressed as 





IF^fk^ky.Z), 


e -Jk x x e -dk y y ^ ^ 


A similar set of equations are written for free space (region III) 



E x in (x,y,z) * 


E y III (x,y,z) = 
H x III (x,y,z) = 
Hy I]CI (x,y,z) = 


1 K 111 

1 


€ o $y 

ju)Mo € 0 

i &A * „ 

1 ' 


€q ^X < Jo>MO € 0 


1 ^ IH 

+ JL 

3A 2 nl 

jo)Mo € 0 ^x^ z 

MO 

dy 

i ^ ni 

. JL 

a A in 

Z 

jo>Mo e o ^z 

MO 

bx 


•\ 


> 


J 


where 



are partial solutions to the wave equations 


V 2 ^ 111 + ^MoCqA-Z 111 * 0 

^A^ 111 + aftiQCoAg 111 » 0 


By applying the boundary conditions at z * d, a relationship 
between and G 1 * 1 and F* 1 and F* 1 * is determined. At * * 

tangential E and H are continuous across the boundary; therefore* 
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Ev n (x,y,d) = E v in (x,y,d) 


E y II (x,y,d) = Ey IXI (x,y,d) 


H x n (x,y,d) = H x III (x,y,d) 


H y II (x,y,d) = H y III (x,y,d) 


The substitution of equations (3) and ( 4 ) and (6) and (7) into 
equation (9) yields 

F II (k x ,k y ,d)= F 111 ^,)^) 'j 


dF^k^ky.z) 


dF III (k x ,k y ,z) 


G II (k x ,lt y ,(i) « G III (k x ,k y ,d) 


dG I1 (k x ,k y ,z) 


«1 dG III (k x ,k y> z) 


However, in region III the plane wave propagates in outward direction 
only; therefore, F^CkjckyjZ) = M(k x ,ky,k z )e^ kz 2 and 
^ IX (^x,^y, z ) * N(k x ,k y ,k z )e»J lt z 1112 where k z m = (k * 2 + ky 2 ). 

Hence, equation ( 10 ) becomes 


F^O^ky^) » F III (k JC ,k y ,d) 


dF II (k x ,k y ,z) 


€i III III, 

eT k z F ( k x> k y' d) 


( 11 ) 
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dgll (*X’V Z ) | . . } !l k z lll O l I l ( k 3[ ,lty,4 ) 


f(z) = 


g(z) = 


F^^(k x >ky>z ) 
F III (k x ,k y ,d) 

G III (k x ,k y ,d) 


Substituting equation (5) into (4) yields 


ao Ohc,fy,z) + _ ^2 . kySjGlI^.ky.z) - 0 

dz 2 

d^^’V 81 - + (tfi^ - - lyWVV 1 ’ * 0 


Dividing equation (13) G III (k x ,lt y ,d) and F II (k x ,k y ,d), reepec- 
tively, and making v equation (12), equation (13) becomes 


- g ^.~ + k- 11 g(z) ■ 0 


d2f 4i i + k n f( B ) « o 

dz 2 z 


where 


k 11 - \l - k x 2 - \ Z 
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Solutions of equations (14) are of the form 


f(z) = Ae' Jk 2 IIz ♦ Be^ IIz 


g(z) = Ce"^^2 IIz + De‘ ,k 2 J " Lz 


II, 


(15) 


From equations (11), the values of f(z), g(z), f'(z), and g'(z) 

at z = d are given as 


f(z) 

df(z) 

dz 


z=d 


= 1 


= -3 ^k_ 
z=d 6 0 Z 


III 




g(s) 


-it 


dz 


z=d 


= -J ^ *Z UI 

e 0 


(16) 




it 


I, 

•£- ; 


Hy using these boundary conditions, the coefficients A, B, C, and 0 
are determined. Once these coefficients are known, the initial condl- 


f'(0). 

g(0), and g'(0) are 

determined. Hence 

f(0) - 

cos y^ z h + j ^ 

"S 

sin kj^d 

f(0) • 

k,, 11 sin k z n d - J fi 

kg 111 cos k^d 

> 

g(0) • 

*l/ II k -HI 

*o( C0 ' * + * k> 

sin k* 1 ^) 

g*(0) • 

^(kj 11 sin kj^d - Jkj 11 ! cos k, 1 ^) 


( 17 ) 
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where 


k z lr * *- \HV 1 - {k x Z * *V 2 ) >Sc 2 + V < “ 2|1 0 € l 


k z n = tj + ky.2 - <u2mq € i 


h* 2 + ky.2 > o)2mq€^ 


k z in - fa 2 - OS? - *y 2 > 


k x 2 + k y 2 < k 0 2 “ «^ c i 


-dV ^ 2 fky 2 * 


2 * v 2 


V + V > *0' 


The signs chosen on the radicals of kg X in equation (l8) assure 
proper behavior of the function at z = «$ that is, to satisfy the 
radiation condition. 

The foregoing discussion is necessary in determining the aperture 
admittance of the rectangular operture. Since tangential E and H 
are continuous across the boundary z = 0, the reaction integral [11,12] 
is also continuous, i.e., 

f a/2 r b/2 _ T 

I - / / E x 1 (x,y,0)Hy A (x,y,0)dx dy 

* -a/2 ^ -b/2 


r a/2 r b/2 TT TT 

/ / E x A (x,y,0)H y 1J ’(x,y,0)dx dy 

^ -a/2 ^ -b/2 V 


First, the reaction integral due to the fields inside the waveguide is 
considered by substituting equations (l) into equation (19) and per- 
forming the integration. The reaction integral becomes 
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>* 


£ 

t 

■i 

v 

;4 


v 





w- 

?; 

* 



1 ' Wl 1 + r >(i - r) f - Yq,^ f 


J2 ab 


( 20 ) 


Hie aperture admittance is defined as 


Y = Y t 1 • r > 
ap 01 (1 + r) 


equation (20) is vrritten as 


( 21 ) 


Y = 2 1 + °3 r 2 

&v e 0 2 (i + r) a Eq(i + r) z 


(82) 


Next, the reaction integral due to the fields in region II at z ~ 0 


I a/2 ; b/2 T 

I « J j E x " I (x,y,0)Hy 1I (x,y,0)dx dy 


(25) 


The limits of integration can be extended to infinity, since the 
E x **(x,y,0) is zero outside the aperture. Then, by applying Parseval's 
Theorem, equation (23) becomes 


f 00 


1 ' jt? S x II (- k x»-‘>y’ 0),1 sr II(k x'V 0)<lk x k y (*) 


“II * II 

where E x and Hy represent the double Fourier transform of E x 
and Hy, respectively. In region II, ^ and Hy, Ex and Ey are 
written as 


/ CO f oo ^ 

J H x II (k x ,ky,0)e’ Jk * >c e"% y ^ dky j 

J* w 


Hy I1 (x,y,0) - -i_ J J H y II (k JC ,li y ,0)e'- Jk * x e*% y dl^ dky v (25) 

[2lt ) w -m 



' (x,y ' 0) = feF e-%y 


*y I]C (x,y,0) = — i- 
(2*)‘ 


i y II ( lt x. k y-0)e' JkxX e'JV dk* dky 


<-00^ mJOO 


and from equations (3) and (5) 


E x (x, 


■ s? /_/_ f *%V« 


dF 11 ^,^ , Z )| 1 

J®Mo e l dz e XX e ' J yy d'St iky 

z=0 

•J 


^■°> ■ s? a: f f -x.v«: 


+ — I( ^V Z> e M*** e -% av 

0C4i O e l & __ n e J <*% 


In terms of g(0), f(o) and 0^,1), F 111 ^,, 


E v (x,y,0) = 


i r rfe 

(2jt)^ ^ -oo J -co 

Mb 


g(0)G III (k x ,k y ,d) 


' 3^; f,(0)plII(lt x'V d ) e ' ; " , * X e* J V dk,, diy 
Jy(X ’ y ' 0) = (S^F /.«/.„ ‘ § g(°)G III (k x ,k sr ,d) 

■ f,( 0 )pIII( W d) e ' JkxX e-% y dk* dky 

M 
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Equating equations (25) and (27), the double Fourier transform of 
E x ** and E^.** axe determined 


E X \, V °) - ^ g(0)G III (k x ,k y ,d) 




ja)|io € i 


f'(0)F II I(k x ,k y ,d) 


> (28) 


E^O^lyO) = - ^ g(0)G III (k x ,k y ,d) 

- - f , (0)pIII(k ,k ,d) 

w 0 e i y 


The fields at 2 = 0 from inside the guide 


E x ^(x,y,0) * f I E ^(k x ,ky # 0)e e ^yy dky 

(2* T ^ -a/2 J -b/2 


E 0 (l + r) cos ~ + R cos 


3«y 


) ( 29 ) 


Is/foy.O) • 7-I5 / ^ ^ 2y 1 (k x ,ky,°)e"^ kxX e' Jk y y dk x dk y 

^ (2it) 2 J -a/2 J -b/2 y 

0 


Therefore, 


Ex 1 


(k^iyo) => Cod^jjEod + rl^Oty) + RCjdtyH ' 

‘ ■* * rwv [ Cl<v * ^ - 


V (k x'V 0) = 0 


(50) 
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where 


G = 


E n (l + T) 


Cq(^x) ~ J 


a/2 

a/2 


e- ik x x cbc = 


a sin 
2 


kjja 


V (3D 




r b/2 2«b cos 

C, Ut.) = / eJ^y-y cos — dy = - 


•<V -J 


1 y ' -b/2 ~ b „2 . -n2 


X 2 - (ky fe )' 


r b / 2 

C 3 ( V J-b/2 eJV “ S ^ 


dy = - 


V> 

6«b cos ■ ■■ 

2 

(3*) 2 - (kyb) 2 j 


Since the tangential components of E x and Ey are continuous across 
the boundary z = 0, the double Fourier transforms are also continuous; 
therefore. 


E x (^Sc>^y*0) ~ E x (^x.>^y.>0) - E x (-k x ,-ky,0) 


> (32) 


Ey^k^ky.O) - ^(kx.ky.O) 

Substitution of equations (28) and (30) into (32) gives 


r ni <W d) * * ^70F^j c o( k x>[E 0 ( 1 + rlCidv) + RC 3 (k y>n 

G 111 ^,^, 4 ) = - -^ - g ^ ^([yi + Dc^ky) + RCj(ky)j 


>( 33 ) 
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or 


• m w> • ^ s» ^V» 

From equations (3)> (5)> (1 2)> (^5) 


(3*0 


s y II( vv 0) = 


and from (3*0 


. A- g'(0)G m (>vV d) + 3 T f(°)F in (VV d) 

J H 0 


Hy II(k x’V 0) = ' 3 


y*Vo f /yf/g'(o)\ 


2 j. v 2 


V + V 


V V k 06 (°)/ 


/k x \2 e 1 /k 0 f(Q) ' 

\koj 4f(0l 


(35) 


(36) 


Therefore, from equation (24) 


1 f 00 i 00 

(2n ^ -oo w -oo k^ + ky' 


T? -L-L-tr V 
^ Y 0*0 

2 ^ v 2 


L/Vf /jt 

i \ k o/ W 


(o)' 


kQg(0)y 


(37) 


and from (22) and (30) 

2Yoko 2 f°° f °° c o( k x) C o( k x) 


“ ' J ab(2*) 2 


f f c ° ( y c ff k(y)c l( y) - “WW 

w/ -oo w -oo kjj "*■ *y L 


+ G C 5 (k y )C 5 (k y ) 




2 
(58) 
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rewriting equation (38) as 


Y ap ‘ Y 11 + + (y J3 + V G 


(39) 


or 


y ♦ ao 2u + (lH t 3aW 


** Y oi Y oi Y oi V Y oi Y oi) 


( 


Y„ Y f 


(bO) 


where 


k; 

> / 


ay£_ 

10 3 ab(2*) 2 


2 fill ^'W {- (StSr) 




(to - 11,15,33) 


(41) 


tte normalized aperture admittance Is stationary therefore. 


= 0 

* ’I 

Jl, 

V 

*, Hence, 


^y&p 

dG 


0*2) 



Substituting equation (lj-3) into (40) 





(43) 


(44) 



19 






20 




21 


The integrands of equation (^5) must be examined carefully for singu- 
larities in the range of integration before evaluation of the integrals 
can be performed. No singularities occur over the range of a, but 


over the range of (3 two types of singularities can occur; namely, 

branch points and poles. The singularities are contained in the ratios 
c'fs.O) k o f(0,O) 

& — L and — . In the region where these poles exist on the 

kog(0>O) f*’(3>0) 

real axis, the numerical integration is performed symmetrically about 
each pole so that the integrals of the integrand on either side of the 
poles cancel each other; that is, the intergrand is anti symmetrical about 
each pole £ 13 "]. The contribution of these poles is obtained by Cauchy's 
residue theorem. 

For lossy material ( £ j l / £ q complex), the integration of equa- 
tion ( 45 ) presents no difficulties except at the branch point 3=1 


where a proper root change of v 1 - r must be taken into account. 
However, for nonlossy material ( £ i/ £ q rea l)> poles exist on the real 
3-axis. In the interval between 3 = 1 and 3 = 00 for € i/ e o > 
the integration contributes only to the susceptance in the admittance 
expressions. In the range 3=0 to 3=1, the integration con- 
tributes both to the conductance and susceptance. The only other 
contribution to the conductance is due to the residues of the simple 
poles in the interval 1 < 3 <J € i/ e o • Th® conductance as a result 
of these simple poles is expressed as |^9j 
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where the 3 n 's are roots of the transcendental equations 



If the larger dimension b in equation (45 ) for the dominant 
TEqi mode approaches infinity, the aperture admittance should approach 
the admittance of a parallel plate waveguide covered with a slab of 
homogeneous material. This is shown to be the case in the appendix, 
both analytically and computationally. The agreement between the two 
methods of obtaining the admittance of a parallel plate waveguide 
supports the validity of the expression for admittance of a rectangular 
aperture. 
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CHAPTER III 


PYRAMIDAL HORN 
Design 

f 8. ) 

The pyramidal horn was designed' ’ originally for tests in the 
arc- jet test facility at Langley Research Center, Hampton, Virginia. 

A detailed drawing of the pyramidal horn is shown in figure 2. For 
such tests, the throat aperture of horn was reduced slightly from stan- 
dard x-band waveguide dimensions, 0.4 by 0.9 inch to 0*375 by 0.750 inch. 
From the throat the horn flares linearly in the E- and H-planes at 
angles approximately 8.7° and 9*0°, respectively. The overall length 
is slightly greater than 6 inches (6.0 63 in.). This fixes the mouth 
size at 1.3 by 1.7 inches, with the larger dimension corresponding to 
the H-plane. A plate for the purpose of mounting a ground plane or of 
attachment to a spacecraft is provided at the mouth of the horn. Hie 
throat is terminated in a flange for connecting to a waveguide. The 
wall thickness is approximately 0.125 inch. 

Experiment 

A 12- by 12 -inch ground plane was attached to the plate at the 
mouth of horn. A waveguide -to -waveguide adapter (WR 62 to WR 90) was 
connected to the throat flange. This adapter (transition) enabled the 
horn to be connected to standard waveguide (RG-52/U). Hie horn was 
then connected to a microwave test setup as shown by the schematic 
drawing given in figure 5* 

(^M. C. Gilreath of the Langley Research Center designed the 
pyramidal horn. 
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The following procedure was used in measuring the mouth admittance 
of the pyramidal horn: The mouth of the horn was shorted by clamping a 

12- by 12-inch flat ground plane to the ground plane attached to the 
horn. The probe in the slotted line was moved along the line until a 
minimum reading was obtained on the standing wave indicator. Upon 
removing the shorting plate, the probe was moved along the line until 
a minimum reading was found. Since the standing wave repeats itself 
every half guide wavelength, the guide wavelength is determined by 
multiplying the distance between minima by 2. In addition to the guide 
wavelength, the distance AD between the minimum with the shorting 
plate and the minimum without the shorting plate is needed in determin- 
ing the phase of the reflection coefficient. This phase is found by 
entering the Smith Chart on the left-hand axis (zero reactance) and 
rotating AD/Ag around the chart. The phase angle is taken with respect 
to the right-hand axis of the Smith Chart. The VSWR of the horn is 
determined by calibrating the standing wave indicator on a maximum and 
moving the probe along the slotted line until a minimum reading is 
obtained. From the VSWR, the magnitude of the reflection coefficient 

is computed; that is, I T I = 

1 1 VSWR + 1 

The measurements as described in the preceding paragraph were made 
over a frequency range of 10.0 to 10.6 GHz in 200 MHz increments. Each 
frequency was accurately set by the frequency meter. Measurements were 
performed for the horn radiating into free space and into a number of 
Plexiglas and quartz dielectric slabs. A toted of eight slabs of 
different thicknesses were used for Plexiglas; namely, 0.1537, 0.2464, 
O.5454, 0.4902, 0.5740, 0.9322, 0.9868, and 1.2408 cm. Three slab 
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thicknesses of quartz were used: O.3175, O.635O, and 1.2954 cm. To 

reduce any reflections that may occur from the surrounding environments, 
microwave absorber material was placed around the horn for all measure- 
ments. The magnitude and phase of the reflection coefficient for free 
space and for '„he various slab thicknesses are shown in figure 4 for 
Plexiglas and in figure 5 for quartz over the indicated frequency range. 


Calculations 


By supplying the parameters a, b, d, e-^, and frequency, equa- 
tions (44) and (45) are used to compube the admittance of a rectangular 
aperture that is fed by a uniform waveguide. For the pyramidal horn 
mouth size, the dimensions a and b equal 1.3 and 1.7 inches, 
respectively. The thickness d of the material covering the ground 
plane and horn mouth was varied over a range of 0.0 to 2.0 cm in 0.1 cm 
increments. The complex dielectric constants were assumed to be 
2*55**j»01 Plexiglas and 3 *76-j *01 for quartz. A small loss was 
assumed to alleviate the surface wave problems that occur in the inte- 
gration when the dielectric constant is lossless £9]. The frequency 
range was the same as the range used in malting the measurements, that 
is, 10.0 to 10.6 GHz in 200 MHz increments. 

Equation ( 44 ) takes into account the contribution of the higher 

For the 


order mode TEq,. This contribution is the term 

y 33 + y 03 

aperture size 1.3 by 1.7 inch, the effect of this term on the admi ttance 


is negligible. This is shown in table I for several frequencies and 
several thicknesses of Plexiglas. Therefore, the admittance obtained 
by assuming only the TEq^ mode in the aperture is sufficient. Since 



pa 




































3 ‘ 


ft 


TABLE I.- NORMALIZED ADMITTANCE CALCULATIONS INCLUDING 
HIGHER ORDER MODE FOR PYRAMIDAL HORN 


■ 

r 

Frequency, 

GHz 

Plexiglas 

thickness, 

cm 

yn 

-*13 2 

^ap 

y 33 + y 03 


10.0 

0.5 

2 . 6722 + j. 1567 

0 . 0020 -j .0156 

2.6742+5.1451 

* 

10.0 

1.0 

1 . 1748+ j. 0895 

0.0002 -5* 0C41 

1.1750+5.0854 

* 

10.0 

1-5 

2 . 4002 - 5. 1445 

0 . 0518 - 5.0122 

2.452-5.1565 

■i 

»«• 

10.2 

0.5 

2 . 682 °+;}. 0489 

-. 0050 - 5.0108 

2.679G+5.0581 

A. 

10.2 

1.0 

1.1624+5.1569 

-.0010-5.0055 

1.1614+5.1534 

,v. 

10.2 

1.5 

2.5099-5.3059 

0.0165-5.0275 

2.5264-5.5334 

** • 

i; 

10.4 

0.5 

2 . 6781 - 5.0621 

-.0057-5*0102 

2.6724-5.0725 

* 

Hi 

10.4 

1.0 

1.1576+5.1909 

-.0027-5*0014 

1.1549*5 .1895 

* 

10.6 

1.5 

2.1739-5*4416 

-.0058-5.0272 

2.1701-5*4688 


* 

\ 
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the flare angles of the horn are small and the wave is assumed to be 
plane at the mouth of the horn, the reflection coefficient both magni- 
tude end pnase is computed from the normalized admittance by the 
relationship 


r = 


1 - 


y aP 


i + y 


(W) 


ap 


The magnitude and phase of the reflection coefficient are plotted as 
a function of slab thicknesses on the same graphs (fig. 4 for Plexiglas 
and fig. 5 for quartz) with the measured data. The reflection coeffi- 
cient given by equation (48) assumes the flare angles have little 
effect on the aperture admittance. The agreement in the data indicates 
that this was a valid assumption. 


Discussion of Results 

C"cd general agreement was obtained between measured and calculated 
data for most of the slab samples. Ihe greatest disagreement occurs for 
the smallest slab sample of quarts ( 0.322 cm) as shown in figure 5 
comparing the magnitudes. 

Since for free space conr'i bions excellent agreement was obtained, 
the errors are caused by the slabs. The inability to clamp the samples 
snugly to the ground plane and the non -uniformities in the samples will 
cause some errors in the measurements. In addition to these sources of 
error, the finite edge of the slabs could influence the aperture 
admittance (or reflection coefficient) if surface waves are strongly 
coupled into the slabs. In the theoretical model, the dielectric con- 
stant of the slabs were assumed to have a small loss for computational 
reasons, that is, to eliminate the problem of computing the surface 
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wave conductances. Since the finite edge cf the slabs cause reflections 
of these surface waves for the experimental model, these waves must be 
considered. For the given 12- by 12-inch slab sample size, the slab is 
not lossy enough to damp out these quasi -surface waves at the finite 
edges of slabs. Therefore, the conductance of the aperture admittance 
assuming infinite slabs of material was investigated. 

The total conductance, the surface wave conductance given by 

equations (46) and (’47), and the percentage of surface wave conductance 

are, 

contained in the total conductance B given in table II for the small 
quartz slab (0*322 cm) and for the Plexiglas slab (0.345 cm). The 
percentage of surface wave conductance is small for both slabs; however, 
the percentage for the quartz slab is greater. The greater the surface 
wave conductance, the greater the surface wave is coupled into the 
slab, and hence, the greater the effect the outer edge could have on 
the aperture admittance (or reflection coefficient). This effect could 
be such that it reduces the magnitude of the reflection coefficient. 

This could account for some of the error in the quartz slab data shown 
in figure 5. The same kind of error was observed for a standard 
X-band waveguide (0.4 by 0.9 in. ) covered with the same quartz slab 
thickness D-d- 

To illustrate the effects the slabs have upon the antenna pattern, 
E-plane radiation patterns were measured at 10.0 GHz for free space, 
for the O.322 cm quartz slab, and for the O.345 can Plexiglas slab. 

These patterns are shown in figures 6 and 7. A greater amount of 
ripple is observed in the pattern with the quartz slab cover than in 
the pattern with the Plexiglas slab cover. The greater the amount of 



TABLE II.- CONDUCTANCE CALCULATIONS FOR PYRAMIDAL HORN 




Normalized 

conductance 


Frequency, 

GHz 

Plexiglas 

Quartz 

Total 

Surface 

wave 

Percent 

Total 

Surface 

wave 

Percent 

10.0 

1.9601 

0.0972 

4.9 

3.0949 

0.3184 

10.3 

10.2 

i 

2.0240 

0.1231 

6.1 

3.2020 

0.3771 

11.8 

10.4 

2.0810 

0.1508 

7.2 

3.2970 

0.4294 

13.0 

10.6 

2.1399 

0.1792 

8.3 

3.3814 

0.4709 

13.9 
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Figure 6. - E-plane radiation pattern at 10.0 GHz for free 
space and .322 cm quartz slab. 
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Figure 7 


E-plane radiation pattern at 10.0 GHz for 
free space and .3^5 cm Plexiglas slab. 
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ripple in the pattern, the greater the trapped energy £1.5]; hence, the 
greater the surface wave. 

By fixing the H-plane mouth size (4.318 cm) for varying E-plane 
mouth size, computations of the surface wave conductance were made at 
10.0 GHz for the two dielectric slabs. A plot of the surface wave 
conductance as function of E-plane mouth size is shown in figure 8 
for the 0.322 cm quartz slab and the 0.345 cm Plexiglas slab. Similar 
graphs for different frequencies and slab thicknesses can be made. Ey 
choosing the proper height of the E-plane dimension for fixed H-plane 
width, the surface wave conductance can be kept at a minimum. Perhaps 
if the pyramidal horn were designed for minimum surface wave conduc- 
tance occurrence, the measured and calculated data would be in better 
agreement. 
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CHAPTER IV 


H -PLANE HORNS 


Design 

With reference to sketch given in figure 9 > the dominant mode 
fields in an H-plane sectoral horn are DO 


E z = A cos 


H r 


H, 


0 


njsjH^ 2) (k 0 P) + -4 l Wjl 

= 2 l^fe 2)(k o P)+a ^ 1)(1 ^>| 




_ kQA 


(49) 


where the primes denote derivatives of the Hankel functions with 
respect to IcqP and n - . For computational reasons, the flare 

angle 20 was selected such that n = is an integer; that is, 

computer programs for determining integer order Hankel functions are 
readily available. Equations (49) were presented here since the order 
of the Hankel functions was a design criterion. 

For fixed throat and mouth size, two H-plane sectoral horns were 
constructed for different flare angles. The throat and mouth size was 
0.4 by 0*9 inch (standard x-band size; and 0.4 by 2.46 inches, 
respectively. The two flare angles chosen were 18° and 9°* These 
flare angles with fixed throat and mouth size fix the lengths of the 
horns at 4*937 and 9*9H inches, respectively. Each horn is terminated 
in a 12- by 12 -inch flat ground plane. X-band flanges are connected 
to the throats of the horns. A drawing of the horns is given in 
figure 10. 

45 





Figure 10. - Drawing oi H- plane sectoral horn 
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Experiment 

The H -plane sectoral horns were connected to a, microwave test 
setup in the same manner as the pyramidal horn in the previous chapter. 
However, in this case a waveguide -to-waveguir’e adapter was not needed 
since the throat size was designed at standard x-band waveguide size 
(0.4 by 0.9 inch). 

The procedure used in measuring the reflection coefficient of the 
H-plane horns was the same as the one used for the pyramidal horn 
given in the previous chapter. Therefore, a description of the pro- 
cedure will not be given here. 

The measurements for these horns were performed over a frequency 

range of 9*0 to 9.6 GHz in 200 MHz increments. The same slab samples 

of Plexiglas and quartz used in the pyramidal horn experiment were 

used in this experiment. The magnitude and phase of the reflection 

ojare 

coefficients for these horns Mi determined from the measured data in 
the same manner described in Chapter III. For each frequency, the 
reflection coefficient was plotted as a function of slab thickness. 
These results are shown in figure 11 for Plexiglas and in figure 12 for 
quartz for the two flare angles of l8° and 9°* 

Calculations 

The admittance of an H-plane sectoral horn related to the reflec- 
tion coefficient is detexmined from equation (49); that is, the wave 
admittance is defined as £l*| 


Y(koP) 



( 50 ) 


Using equation (ky), equation OHf) becomes 


Y(k 0 P) = -JY 0 


j4 2) '(koP) + ouH^ 1) ' (koP)] 
H^OiqP) + aH^ 1 ^(k 0 P) 


(51) 


Dividing equation ( 0 |) by the characteristic admittance of the sectored 
horn 


Y c (k 0 p) ■ J y o 


H^ 2 ) '(y) 

4 2 ) (k 0 P) 


(52) 


the normalized wave admittance is written as 


Y(HqP) _ _ H^ 2) (k Q p) _ ^’'OtQP) + 

T c ( V> H< 2 )'(k 0 B) |_H< 2 )(koP) + a^HkoP) j 


(55) 


Hie reflection coefficient in the sectoral horn is defined as 


r = a - . ■ ■ - 

H^W) 

S-) S3 S3 

Substituting equation (HI) into (A) lot a, equation (S ) becomes 


(5*) 


r (y) - 

Y C (V> 


i + r 


H^ 2 ) (k 0 P) H^-’tknP) 


h '“0 


8 HpKkoP) Hi 2 ) (k^p) 


i + r 


(55) 


and solving for P 


1 + f 

l c 




^’(UpP) 

(kQp) 


( 56 ) 
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short dimension of waveguide 
long dimension of waveguide 
thickness of slab 
electric field intensity 
amplitude of incident wave 

normalized Fourier transforms of vector potential 
surface -wave conductance where n refers to 
specific poles 
magnetic field intensity 
reaction integral 

wave number in free space, cd ^€qUq 
C artesian conqponents of wave number 
wave numbers (defined in eqs. (2)) 
wave number in region II 
wave number in region III 
amplitude of TEq^ mode 
time 
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modes, respectively, in region I (defined in eqs* (2)) 

aperture admittance 

normalized value of Y AS , -22 

05 *01 

normalized aperture admittance 


lx 



functions are 


For l8° and 9° flare ang] es, the orders of the Hankel 
10 and 20, respectively. At the mouth of these horns, the ratio 

^ ■ { ^ 2 ) ' is approximately equal to -1 for n = 10 

4 1] W 4 2) <v 2 > 

with k^Pp = 2n - and for n = 20 with k Q Pp = *29*950 

over a frequent of 8.4 to 10.0 GHz. Therefore, equation (54) becomes 

Y(4 q P 2 ) 

r^k,-^) ‘ ^ (koP£) (57) 

x _ Y(kpP2) 

^c^0 P 2 ^ 

If the admittance were known at the mouth (p = Pp), the reflection 
coefficient could be determined at this point from equation (56). The 
admittance at this point is assumed to be approximated by the admittance 
obtained from equations (Ml-) and (45 )• Substituting the admittance 
(Yqi y-i i ) obtained from equation (45) for the admittance Y(k 0 Pp) in 
equation (57)> the reflection coefficient becomes 


1 + i J 


(jO 

2 (2), 

1 '(koP 2 ) .. 

1 WiwJ yn 

1 ' j M 

M&) 

2 4 2) (koP 2 ) 

1 4 2) 'M yn 


(58) 


where the characteristic admittance given by equation (52) has been 
substituted. For the two H-plane horns considered, the term 


^'(v) 


2 H^dCQP;,) 


H 


( 2 )’ 


is approximately equal to 


J l 

e 2 


(koPg) 


Therefore, 


equation (58) with y-^ = y a p becomes 
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r 

s 



1 + 



( 59 ) 


By supplying the parameters a, b, d, and frequency and 
selecting the aperture size to be the same as the H-plane horn mouth 
size (a = 0.4 indi and b = 2.46 inches), the admittance y = y n 
was determined using equation (45) for a frequency range of 9*0 to 
9«6 GHz in 200 MHz increments. These computations were made for free- 
space conditions (d = 0) and for Plexiglas covers (e^ = 2.55”j*01) 
and quartz covers of varying thickness d (0.1 to 2.0 cm in 0.1 cm 
increments). Here again, small losses were assumed to alleviate the 
surface wave problems that occur in the integration when the dielectric 
constant is lossless. 

As before, the contributions due to the higher order mode (TEq^ ) 
are negligible for the chosen aperture size. This is shown for 
several slab thicknesses of Plexiglas in table III. Therefore, the 
admittance obtained by assuming the TEq-^ mode in the aperture is 
sufficient; and hence, the aperture admittance is equal to y^, 

given by equation (45). 

The reflection coefficient for both H-plane horns is determined 
from equation ( 59 ) and equation (45). The magnitude and phase of the 
reflection coefficient are plotted as a function of slab thickness on 
the same graph with the measured data. These plots are shown in 
figures 11 and 12 for Plexiglas and quartz, respectively. 
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TABLE III.- NORMALIZED ADMITTANCE CALCULATIONS INCLUDING 
HIGHER ORDER MODE FOR H-PLANE HORN 


Frequency, 

GHz 

Plexiglas 

thickness, 

cm 

yn 

-yi3 2 

y ap 

y 33 + y 03 

8.4 

0-5 

2. 1550+ j. 1.1086 

0.00050-3.00070 

2.153+5.1.1079 

8.4 

1.0 

1.5556+3.2477 

+.0008+3.00009 

1.5364+5.2745 

8.4 

1-5 

1.5863+3.9128 

1 

• 

O 

O 

O 

V-M 

• 

0 

0 

0 

1.5860+5.9135 

8.6 

0.5 

2.2144+3.1.467 

0.00030-3.00050 

2.2147+51.0462 

8.6 

1.0 

1.5147+3.2773 

-.00002-3.00009 

I.5147+5.2772 

8.6 

1-5 

1.6677+j.9l73 

0.00007+3.00049 

I.6678+5.9178 

8.8 

0-5 

2.2717+3.9794 

0.00008-3.00059 

2.2718+5.9788 

8.8 

1.0 

1.4931+5.2824 

-.00004+5.00009 

I.493O+3.2825 

8.8 

1-5 

1. 7588+j.9029 

-.00032-3.00073 

1.7585+3.9022 
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(a) Frequency = 9*0 GHz. 


Figure 12. - H-plane sectoral horn reflection coefficient as a function 
of slab thickness for quartz. 
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Discussion of Results 

The assumption made in regard to the wave front incident on the 
aperture will cause some error in the calculated results; that is, the 
wave is actually a cylindrical wave rather than a plane wave. Most of 
the reflection for the H-plane horns occur at the mouth for small flare 
angles; therefore, the reflections at the throat are small compared to 
the reflections at the mouth ^ M- 

Excellent agreement was obtained between the measured and calculated 
data for free-space conditions. However, for slab covers, the magnitude 
of the reflection coefficient for the measured data is consistently 
below the calculated data. As in the pyramidal horn experiment, the 
inability to clamp the samples snugly to the ground plane and the non- 
uniformities in the slab samples will cause some error in the measure- 
ments. The surface waves trapped in the finite slabs could cause errors 
in the aperture admittance as discussed in the previous chapter. Using 
the equations for surface wave conductance (eqs. (46) and (47)), the 
surface wave conductance is computed and shown in table IV along with 
the total conductance and percentage of surface wave conductance con- 
tained in the total conductance for the same two slab samples. The 
percentage of surface wave conductance for both Plexiglas and quartz is 
much greater for the H-plane horn than for the pyramidal horn; hence, 
the edges of the finite slabs could have a greater effect on the aperture 
admittance for the H-plane horn. The surface wave conductance is greater 
for the quartz slab than for the Plexiglas slab. The data shows that 

(^Discussion with P. Pathak of the Ohio State University concerning 
the reflections at the throat verify the fact that these reflections are 
small for both horns. 



TABLE IV. - CONDUCTANCE CALCULATIONS FOR H-PLANE HORN 




Normalized 

conductance 


Frequency, 

GHz 

Plexiglas 

Quartz 

Total 

Surface 

wave 

Percent 

Total 

Surface 

wave 

Percent 

9-0 

1*7333 

0.755^ 

45.6 

2.6525 

1.3358 

50.3 

9-2 

1.7884 

0.7795 

^3*5 

2.7512 

I .3879 

50.4 

9-4 

1.8429 

0.8024 

^3*5 

2.8482 

1.4365 

50.4 

9.6 

1.8950 

0.8245 

43*5 

2.9^21 

1.4807 

50.3 




better agreement is obtained in the Plexiglas case. Therefore, the 
data indicates that the greater the surface wave conductance, the greater 
the disagreement. 

The E-plane radiation patterns were measured at 9*0 GHz for free 
space for the 0.322 cm quartz slab and for the 0.3^5 cm Plexiglas slab. 
These patterns are shown in figures 13 and 14. The ripple observed in 
this case for both slabs is greater than the ripple observed in the 
pyramidal case; hence, the greater the trapped energy £l5j. The greater 
the trapped energy, the more strongly the surface wave is coupled into 
the slab. The ripple for the quartz slab is greater than the ripple for 
the Plexiglas slab; therefore, the surface wave is greater for the quartz 
slab than for the Plexiglas slab. This is in agreement with the results 
determined from the surface wave conductance computations. 

By fixing the H-plane mouth size (6.21+8 cm) for varying E-plane 
mouth size, computations of the surface wave conductance were made at 
9.0 GHz for the two dielectric slabs. A plot of the surface wave con- 
ductance as a function of E-plane mouth size is shown in figure 15 for 
the 0.322 cm quartz slab and for 0.3^5 cm Plexiglas slab. Similar graphs 
for different frequencies and thicknesses can be made. As in the pyra- 
midal horn case, the height can be chosen such that the surface wave 
conductance is kept at a minimum. One must keep in mind that whatever 
E-plane height is chosen, the feeding waveguide height must be the same 
in order for the horn to be an H-plane horn. 

Theoretically, as the flare angle approaches zero with fixed mouth 
size, the H-plane sectoral horn would approach a uniform waveguide of 
mouth size cross section; and hence, the aperture admittance would be 
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- E-plane radiation pattern at 9*0 GHz for 
and 322 cm quartz slab. 


Figure 13 


free space 
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Figure 14. - E-plane radiation pattern at 9*0 GHz for free space 
and .3^5 cm Plexiglas slab. 
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Figure 15 . - Normalized surface wave conductance as a function 
of E-plane mouth height at 9.0 GHz. 
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determined by equation (45). Therefore, the measured reflection coeffi- 
cient for the smaller flare angle horn (9°) should be closer to the 
theoretical results. This is the case for most conditions, especially 
in comparing the magnitudes of bhe reflection coefficients for the two 
flare angles in figures 11 and 12. 
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CHAPTER V 


CONCLUDING REMARKS 

Variational expressions of the admittance of a uniformly fed 
rectangular aperture covered with homogeneous material are derived. 

The electric field inside the waveguide is assumed to he a dominant 
mode (TE q1 ) plus the first higher order symmetrical mode (TE q ^). For 
the aperture sizes of the pyramidal and H-plane horns, the contribution 
of the TEq^ mode to the aperture admittance is shown to be negligible. 
Hence, the aperture admittance calculated using TEq^ mode only is 
adequate. 

Assuming the admittance of a uniformly fed rectangular aperture 
to approximate the mouth admittance of the pyramidal and H-plane horns, 
good agreement between measured and calculated data for free-space 
conditions was obtained for all horns. Therefore, it is concluded that 
internal reflections and construction tolerances do not affect the 
measurements appreciably. 

Good agreement in terms of reflection coefficients was obtained 
between the measured and calculated data for the pyramidal horn, 
particularly for the Plexiglas slabs. The major disagreement for the 
quartz slab data is attributed to the amount of surface wave conductance 
contributed to the total conductance of the aperture admittance. This 
contribution was small for both slab samples, but the contribution for 
the quartz slab was greater than the Plexiglas slab. Hence, the edges 
of the finite slabs are more strongly excited, thus possibly influencing 
the aperture admittance. 
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For the H-plane horns, the reflection coefficients at the mouth of 
the horns axe shown to he approximately equal to where y OT , 

1 + y aP ap 

is the normalized mouth admittance for uniformly fed apertures. The 
agreement between measured and calculated reflection coefficients for the 
H-plane horn is not as good as the agreement obtained for the pyramidal 
horn. However, this is in theory attributed to the flare angle and to 
the effect due to surface waves. The smaller flare angle (9°) horn data 
agreed better with the calculations than the larger flare angle (l8°) 
horn data, particularly for the magnitudes. 

The amount of surface wave conductance for both slab samples con- 
tributed to the total conductance of the aperture admittance for the 
H-plane horn is much greater than the contribution for the pyramidal 
horn. Therefore, the edges of the finite slabs could have a greater 
influence on the aperture admittance. This influence could be such that 
the reflections at the aperture are reduced. The data indicates that 
this is the case. 

The assumption made in regard to the mouth admittance in computing 
the reflection coefficients for both the pyramidal and H-plane horns 
will cause some errors in the calculated data. In addition to this 
error and the errors that could be caused by the trapped surface waves, 
the inability to clamp the sample snugly to the ground plane and the 
non-unifoxmities in the slab samples will also cause errors in the 
measurements. 

As the larger dimension in the expression for the admittance of a 
uniformly fed rectangular aperture approaches infinity, the aperture 
admittance is shown to approach the admittance of a parallel plate 



waveguide covered with a slab of homogeneous material. This is shown 
"both analytically and computationally (for free-space condition) for 
the dominant mode. The agreement between the two methods of obtaining 
the admittance of a parallel plate waveguide supports the validity of 
the expression for the admittance of a rectangular aperture. 
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APPENDIX 


The admittance of a rectangular aperture assuming the dominant 
TEqi mode is given by the first equation in equation (if 5) of the text 
as 


2*0*0 

Y U = Y 11 Y 01 - - J ab(2]t) 2 


r c q( 1 Si) c o( 1 S. H'i ) 

— °» k x ^- + ky2 
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dl^dky 
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Determine what happens to the admittance expression given by equa- 
tion (A-l ) when the large dimension b approaches infinity. Under 
this condition, equation (A-l) becomes 


lim Yjj = lim 
b 00 b 00 


, r r 

ab(2it) 2 “ -» kjj 2 + ky 2 



(A-3) 
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The limit term of equation (A-4) by using the second equation of (A- 2) 
is written as 
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where the two integrals are recognized as Fourier transforms of cos 

0 

Since the product of Fourier transforms equals the Fourier transform of 
the convolution of their inverse transforms, equation (A-5) is written 
as 
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And hence, 
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where b(ky) is the Dirac delta function. 
Substituting equation (A-7) into (A-4 ), 
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and from equation (A-2) 
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Dividing both numerator and denominator by cos k_^d 
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(A-ll) 


Equation (A-ll) gives the aperture admittance of a parallel-plate 
waveguide. With a notational change of e 2 ~ £ 1* € o * £ 2* 
k z 11 = k z#1 , and kg 111 = k z ^ 2 > equation (A-ll) is identical to the 
equation given by Jones [«]• 

The admittance of a rectangular aperture is also shown numerically 
to approach the admittance of a parallel-plate waveguide with zero 
thickness of material (free-space condition). The admittance for 
a * 1.016 cm and frequency of 8.9 GHz is calculated using equation (A-l) 
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for increasing values of b under free-space conditions. These results 
axe compared in table A to the result obtained from the parallel-plate 
solution given by Jones. 
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TABLE A.- PARALLEL PLATE ADMITTANCE CALCULATIONS 


f = 8.9 GHz 
a = 1.016 cm 

Value obtained from Jones' 
Calculation = 0.8177+^.5035 

Dimension b, 

Admittance 

cm 

normalized 

2.286 

0.7935+M058 

3.286 

.7618+0.4784 

4.286 

• 7794 + j . 4957 

5.286 

. 8059 + 0^997 

6.248 

.8020+0-5010 

6.348 

. 8024 + 0*5011 

8.000 

. 8086 + 0.5014 

9.000 

.8109+0-5011 

10.000 

. 8126+0 • 5009 

11.000 

.8139+0.5OOI 

16.000 

.8171+0.5002 








